The mechanism of micromere specification is one of the central issues in sea urchin development. In this study we have identified a sea urchin homologue of ets 1 + 2, HpEts, which is maternally expressed ubiquitously during the cleavage stage and which expression becomes restricted to the skeletogenic primary mesenchyme cells (PMC) after the hatching blastula stage. The overexpression of HpEts by mRNA injection into fertilized eggs alters the cell fate of non-PMC to migratory PMC. HpEts induces the expression of a PMC-specific spicule matrix protein, SM50, but suppresses expressions of aboral ectoderm-specific arylsulfatase and endoderm-specific HpEndo16. The overexpression of dominant negative DHpEts which lacks the N terminal activation domain, in contrast, specifically represses SM50 expression and development of the spicule. In the upstream region of the SM50 gene there exists an ets binding site that functions as a positive cisregulatory element. The results suggest that HpEts plays a key role in the differentiation of PMCs in sea urchin embryogenesis.
Introduction
During sea urchin embryogenesis it has been suggested that the initial territories are specified by a combination of asymmetric distribution of cytoplasmic determinants and cell-cell interactions. At the 60-cell stage the embryo is divided into five distinct territories: small micromeres, large micromeres, vegetal plate, oral ectoderm and aboral ectoderm. The territories can be identified not only by cell lineage of each blastomere but also by the expression of specific marker genes (Davidson, 1989 (Davidson, , 1991 . The large micromeres that prospectively generate primary mesenchyme cells (PMCs) are thought to function as an organizer and to initiate a cascade of signal transduction toward overlaying cells (Davidson, 1989) . In this model the large micromeres induce the overlaying veg2 tier to take the vegetal plate fate . The veg2 tier then induces the overlaying cells to differentiate into gut cells and cells of the prospective ectodermal territories (Wikramanayake et al., 1995; Wikramanayake and Klein, 1997) . Thus, the large micromeres play a key role in the cell fate specification and axis determination during sea urchin embryogenesis. Previous data suggested that the large micromeres are autonomously specified to become PMCs by maternally inherited determinants (Okazaki, 1975; Kitajima and Okazaki, 1980) . Nothing, however, is known about the molecular cascade leading to the determination of the large micromeres and their specification into PMCs.
We have searched for a series of cDNAs that encode maternal messenger RNAs (Kurokawa et al., 1997) . A survey by the whole mount in situ hybridization of these cDNAs revealed an ets-related transcription factor whose expression was restricted to the presumptive PMCs. The ets family of transcription factors is characterized by homology to the v-ets oncogene (LePrince et al., 1983; Nunn et al., 1983) and shares a conserved ets-domain that is responsible for sequence-specific DNA binding. About 30 ets-related genes have now been found in diverse species and have been implicated to play roles in the regulation of gene expression during a variety of biological processes, including cell proliferation, transformation, T-cell activation and development (see the review by Wasylyk et al., 1993) . Three ets-related genes have been reported in sea urchins: Lytechinus variegatus SU(Lv)-ets-2 (Chen et al., 1988) , ERG homologue and Strongylocentrotus purpuratus ETS homologue (EMBL, Access No. L19541). However, neither their expressions nor their functions during embryogenesis have been examined. In the present study we have undertaken a functional analysis of Hemicentrotus pulcherrimus Ets homologue (HpEts) in sea urchin development. HpEts mRNA is maternally stored in unfertilized eggs and is present ubiquitously in the embryo during cleavage stage; then the expression becomes restricted to the PMCs at the hatched-and earlymesenchyme blastula stage. Overexpression of HpEts caused a drastic morphological change of the embryo; almost all the cells in embryos injected with HpEts were transformed into migrating cells. HpSM50, the PMC-specific spicule matrix protein, was expressed in the transformed cells, whereas the expressions of endoderm-specific HpEndo16 and ectoderm-specific arylsulfatase were repressed in these cells. In addition, animal cap (mesomere) assay demonstrated that isolated mesomeres normally fated to form ectoderm were transformed into skeletogenic PMCs when the mesomere was derived from eggs injected with HpEts mRNA. On the other hand, the overexpression of a truncated HpEts that lacks the N-terminal activation domain functioned as a dominant-negative and inhibited PMC differentiation and spicule formation. These results strongly suggest the essential role of the ets transcription factor in PMC development. (Watson et al., 1988; Gunther et al., 1990) , chicken c-ets-1/-2 (Boulukos et al., 1988; LePrince et al., 1988) , Xenopus c-ets-1/-2 (Stiegler et al., 1990; Burdett et al., 1992) and Drosophila pointed (Klambt, 1993) . Asterisks (*) indicate that all of the seven ets proteins have an identical amino acid. Similar amino acids at a given position in all seven proteins are shown by a dot.
Results

A sea urchin Ets, HpEts
Sixty-eight clones were recognized as candidates for maternal genes from a H. pulcherrimus oocytes cDNA library; they were positive for cDNA probes that were reverse transcribed from polyA + RNA of 16-cell stage embryos but negative to those of gastrula stage embryos (Kurokawa et al., 1997) . A survey of their expressions by the whole mount in situ hybridization at the 16-cell stage revealed a clone whose expression was restricted to PMCs (see below). This clone encoded an ets-related protein and was termed HpEts. The predicted polypeptide sequence of 555 amino acids is shown in Fig. 1A .
The Ets family of genes is classified into several subfamilies of ets 1 + 2, ERG and others (Wasylyk et al., 1993) . Fig. 1B shows a comparison of the ets-domain with that of the ets 1 + 2 members isolated from other animals. The etsdomain of HpEts protein is almost identical to that of c-ets-1 (96.0%) and of c-ets-2 (93%) in mouse, chicken and Xenopus. In contrast, the amino acid identity of its ets-domain with that of other subfamilies such as ERG is not high (e.g. HpEts/mouse fli, 63%; HpEts/Xenopus Fli, 63%). Thus we concluded that HpEts is the sea urchin homologue of the cets-1/-2.
Northern blot analysis indicated that the HpEts mRNA is stored as maternal mRNA. Intense expression was found in unfertilized eggs and early stage embryos until unhatched blastula stage; thereafter, it diminished rapidly (Fig. 2) . The whole mount in situ hybridization demonstrated the presence of the HpEts mRNAs at nearly the same level in all cells of the embryos before hatching (Fig. 3A) . At the Schematic diagrams of the structure of the mRNAs used for microinjection experiments (A). The embryos injected with FLAG tagged HpEts were analyzed using anti FLAG antibody at 16 h after fertilization. HpEts-FLAG (B); DHpEts-FLAG (C). Scale bar, 50 mm.
hatched blastula stage, the signal was restricted to the area of the presumptive PMCs, which formed a ring around the vegetal pole (Fig. 3B,C ). These HpEts positive cells then migrated into the blastocoel (Fig. 3D) . No detectable levels of HpEts mRNA were found in cells other than the PMCs after hatching. In addition, after the early mesenchyme blastula stage, the signal was no longer detectable by whole mount in situ hybridization even in PMCs (data not shown).
Promotion of PMC differentiation by HpEts overexpression
To determine the functions of the HpEts in PMC development, we examined the effects of its overexpression on the sea urchin development. H. pulcherrimus fertilized eggs were injected with approximately 1, 2, 4 or 8 pg/egg HpEts mRNA or 8 pg/egg frame-shifted HpEts mRNA as a control (Fig. 4A) . Immuno-histochemistry using anti-FLAG antibody showed dose dependent translation of the mRNAs and the nearly equal distribution of the product in nuclei of each blastomere (Fig. 4B,C) . The summary of the overexpression experiments is given in Table 1 .
No effects were apparent, even with injection of 8 pg of HpEts mRNA, until unhatched blastula stage (12 hours after fertilization, Fig. 5A ). However, at 24 h after fertilization, when the control embryo reached the mesenchyme stage, the blastula wall of the injected embryos thickened. The cells around the vegetal pole then migrated out apically into the seawater and the blastocoel lost its integrity (Fig.  5B ). The transformation of blastomeres into migrating cells propagated from the vegetal pole to the animal pole, and the number of migrating cells increased with time (Fig. 5C) . Finally, at 36 h after fertilization, when normal embryos reached the complete gastrula stage, almost all the cells of the embryos had been transformed into migrating cells (Fig.  5D ). About 60% of the injected embryos showed this extensive transformation with 8 pg/egg HpEts mRNA. Although with one pg/egg HpEts mRNA, 80% of the injected embryos developed almost normally to pluteus larvae (Table 1) , 14% of those embryos still exhibited the outwardly migrating cells (Fig. 6B) . The number of transformed cells increased with the increase in amount of HpEts mRNA injected, but injection of frame-shifted HpEts mRNA did not have any effect, even at 8 pg/egg ( Table 1 ). The cells around the animal pole were apparently last and least affected by HpEts overexpression. The injection experiment has been repeated several times, using gametes from different parents. Throughout all batches, more than 85% of the embryos survived the injection even at the 8 pg/egg dosage. About 15, 20, 60 and 80% of the injected embryos displayed migrating cells with 1, 2, 4 and 8 pg of the HpEts mRNA, respectively.
Migration is a character of mesenchymal cells which is first encountered in PMCs during sea urchin development. To further determine the nature of these cells, the expression of PMC-specific HpSM50 protein was examined with antiHpSM50 monoclonal antibody. This antibody stains a small number of cells migrating into blastocoel in normal late blastula embryos (Fig. 7A ) and only the skeletogenic mesenchyme cells in normal gastrula embryos (Fig. 7C ). In the embryos injected with HpEts mRNA, the cells around the vegetal pole that were migrating out apically were intensely stained with the HpSM50 antibody at 24 hours after fertilization ( Fig. 7B) . At 36 h after fertilization almost all the cells in injected embryos expressed the HpSM50 protein (Fig. 7D ). The SM50 staining progressed from vegetal to animal pole just like the migratory property. Cells of the blastula wall that retained an epithelial character, such as those in the animal pole of less severely affected embryos, were not stained by the anti-HpSM50 antibody.
Quantitative RT-PCR also demonstrated a marked suppression of aboral ectoderm-specific arylsulfatase (HpArs; Akasaka et al., 1990 ) and endoderm-specific HpEndo16 , but a great elevation of PMC-specific HpSM50 (Katoh-Fukui et al., 1992) in the embryos injected with HpEts mRNA (Fig. 9 ). The level of ubiquitously expressed ubiquitin mRNA (Nemer et al., 1991) was unaffected in these embryos.
Inhibition of PMC differentiation by DHpEts overexpression
The activation domain of mammalian ets 1 + 2 is known to reside in the N terminal region of the ets protein (Wasylyk et al., 1993) , and previous work using a truncated product which lacks this region functioned as a dominant- negative (Badiani et al., 1994) . We therefore tested the effects of such a construct (DHpEts; Fig. 4 ) on PMC development. The embryos injected with 8 pg of DHpEts mRNA developed normally until early blastula stage. However, thereafter, 80% of them did not develop any PMCs, and no spicules were observed in 86% of the embryos (Fig. 8A ,C,E). The archenteron, oral ectoderm, aboral ectoderm and secondary mesenchyme cells appeared morphologically normal in these embryos. The number of SM50 positive cells was very low (Fig. 8G,I ) compared to control embryos (Fig. 8H) . Of note is the presence of a small number of secondary mesenchyme-like cells, judging from their morphology and position in the blastocoel, which were SM50 positive in some injected embryos (Fig. 8I) . At lower DHpEts dosage (1 and 2 pg), PMCs were formed in a majority of the injected embryos, but their arrangement was topographically abnormal. They did not elongate well, the syncytium formation was abnormal, and spicule was either not formed or its formation was grossly impaired in most of the embryos (Table 2 ). The extent of inhibition of PMC development and retardation of spicule formation was proportional to the DHpEts mRNA dosage, while frame-shifted DHpEts mRNA (Fig. 4) did not exhibit any effect, even at the 8 pg dosage.
Quantitative RT-PCR also demonstrated a great reduction of PMC-specific HpSM50 without significant changes in aboral ectoderm-specific arylsulfatase or endodermspecific HpEndo16 expressions in the embryos injected with DHpEts mRNA (Fig. 9) .
HpEts transforms mesomere into PMCs
The cell number of embryos derived from zygotes injected with 8 pg HpEts mRNA was on average 726 (SD = 31, n = 3), while that of uninjected normal embryos was 871 (SD = 55, n = 3), after 24 h of culture. Thus, there was no drastic retardation of cell division by overexpression of HpEts. This, however, does not prove the fate change of mesomeres into skeletogenic PMCs by HpEts overexpression; the phenotype might be due to the accelerated preferential proliferation of PMC-lineage of blastomeres in compensation for the growth arrest of the mesomeres. Therefore, an animal cap (mesomere) assay was conducted to assess definitively whether this fate change occurred.
Eight mesomeres from a normal 16-cell stage embryo and a single mesomere from an embryo injected with HpEts mRNA (8 pg) were combined and allowed to develop in culture. The mesomere from the injected embryos was marked by the co-injection of 10 pg of Texas red dextran. Six of nine such chimeric embryos generated spicules after 3 days of culture (Fig. 10A,C) , and the PMCs forming the spicules were solely composed of Texas red positive cells (Fig. 10B,D) .
Control chimeras (n = 5) composed of nine normal mesomeres, one of which was similarly marked by Texas red, never developed spicules (data not shown), as reported (Henry et al., 1989; Khaner and Wilt, 1991) . Thus, this assay confirmed the transformation of mesomeres into skeletogenic PMCs by HpEts overexpression.
A positive cis-regulatory Ets site in SM50 gene
The SM50 response to the overexpression of HpEts or DHpEts suggests a possibility that SM50 is a direct target of HpEts during PMC development. Makabe et al. (1995) earlier identified the transcriptional regulatory region of S. purpuratus SM50 which is essential for its expression in PMCs. In this region (−437 to −200 bp from the transcriptional start site) there exists an ets-like binding motif at −272 bp. To determine whether this site is essential for the SM50 expression in PMCs, a transcriptional assay was undertaken; a luciferase reporter was fused to the SM50 enhancer and basal promoter (−437 to +126) either with or without a mutation in the ets site (Fig. 11B) . It was introduced into fertilized eggs by the particle gun method (Akasaka et al., 1995) , and the luciferase expression was assayed at 48 h after fertilization. When the −437 to −200 bp region was deleted from the luciferase reporter construct, the transcriptional activity decreased by approximately 10 fold, as reported (Makabe et al., 1995) . Introduction of a base substitution in the putative HpEts binding site also resulted in a great reduction in the transcriptional activity (Fig. 11C) . Thus, the ets binding site functions positively for the SM50 expression in PMCs. The transcriptional activity of the reporter constructs was normalized by the co-introduction of a reference construct (see Section 4). In a parallel experiment we replaced luciferase with GFP as a reporter, it was confirmed that the expression of the reporter construct driven by S. purpuratus SM50 promoter is unique to PMCs in H. pulcherrimus embryos (Fig. 11A) .
Discussion
The present study strongly suggests that HpEts plays a key role in the development of skeletogenic mesenchyme cells during sea urchin development. HpEts is the sea urchin homologue of c-ets-1/-2. It is maternally expressed in all cells of the embryo, but is restricted to the PMCs at blastula stage. Its expression appears incompatible with ectodermal and endodermal fates and induces PMC differentiation. Micromeres have long been suggested to be autonomously specified to PMCs (Okazaki, 1975; Kitajima and Okazaki, 1980) . This study presents the first glimpse into the longstanding problem of the molecular mechanism of micromere specification . In addition, this is one of only a few examples that clearly demonstrated the role of the ets family of a protein in any developmental system, although much has been suggested by the highly regulated patterns of expressions of its members during embryogenesis (Meyer et al., 1997) .
There are certain grounds for criticism of the overexpression studies, however. The effective dosage of the HpEts overexpression was in the pg range, just as in other studies with the sea urchin (Mao et al., 1996) . It is possible that overexpression of a large amount of a single transcription factor might exert many indirect and/or non-specific effects. While this is certainly possible, but in this study there was striking correlation between the normal expression pattern and the overexpression phenotype. The phenotype was the dramatic alternation of a single cell type, PMC. The effects of HpEts and dominant negative DHpEts overexpression were complementary, and under the same condition the frame-shifted controls did not exhibit any effect. We consider that these facts override the above criticism.
This study offers only a toehold for the elucidation of micromere specification, and many questions remain to be answered. The observation that the HpEts overexpression suppresses arylsulfatase and HpEndo16 expressions, transforming almost all the cells to PMCs, suggests that HpEts clearance is prerequisite for ectoderm and endoderm differentiation in normal development. At the same time, there was a gradient in competence for transformation into PMCs by HpEts overexpression; the cells around the animal pole were last and least affected. We do not know what the competence really is, but several studies have suggested a morphogenetic gradient along the vegetal-animal axis (Henry et al., 1989; Khaner and Wilt, 1991) ; ectodermal fate in animal blastomeres is thought to be a default state. Obviously HpEts is unlikely to generate the gradient itself. Rather HpEts may enhance the gradient for PMC differentiation. No molecular basis of such gradient has not been known, but recently the GSK3b/b-catenin signalling cascade was suggested to constitute a gradient along the vegetal-animal axis (Emily-Fenouil et al., 1998; Wikramanayake et al., 1998) .
It has also to be determined how HpEts is restricted to PMCs at blastula stage and whether it is the zygotic or maternal HpEts that is essential for PMC-differentiation. A 15 bp conserved sequence in the 3′ untranslated region (Duval et al., 1990 ) is responsible for the rapid disappearance of the c-ets-1 transcript at mid-blastula transition in Xenopus (Stiegler et al., 1993) . Although there is no such sequence in the HpEts mRNA, it is possible there is a mRNA degradation system in cells other than large micromeres, and a protective system against this in the micromeres. In sea urchin embryogenesis, the transition from maternal to zygotic expression is not as clear as the midblastula transition in Xenopus. In any of the genes expressed continuously, both maternally and zygotically, the switch is not clearly demonstrated. The switch to the zygotic HpEts expression is now under intensive study.
The animal cap assay suggests that the HpEts overexpression transforms mesomeres to adopt a PMC fate. We cannot, however, conclude this is a direct, cell-autonomous effect of HpEts; it might be brought about by an indirect effect of perturbed normal cell signaling in the embryo. To definitively answer this question, HpEts injection into a subpopulation of cells at the 16-64 cell stage, especially into a portion of mesomeres with a lineage marker, is awaited. This might also conclusively rule out the suppression of the non-PMC proliferation and the stimulation of the PMC growth by HpEts overexpression. Unfortunately, however, we have not been successful in this approach. Logan and McClay (1997) succeeded in the lineage tracing by injecting Dil, but no group has yet succeeded in the functional analysis of a gene by such an approach. Also needed is to determine at which step of the PMC differentiation HpEts functions. The large micromeres are thought to function as an organizer and to initiate a cascade of signal transduction toward overlaying cells (Davidson, 1989) . Generally, however, the organizing activity of micromeres is thought to be lost at around the 64 cell stage which is earlier than the HpEts restriction to micromeres. No effects by HpEts overexpression were apparent morphologically before hatching; each class of blastomeres appeared to develop normally. Dominant negative DHpEts apparently did not affect the development of any cell lineages other than PMCs or the archenteron invagination.
Organizing activity of micromeres was demonstrated in two ways. One is the ectopic invagination of archenteron in the animal pole by transplantation of the micromeres into this site . The other is the development into normal embryos of the aggregates between mesomeres and micromeres (Horstadius, 1973; Amemiya, 1996) . Preliminary experiments in which HpEts has been injected into isolated mesomeres and then aggregated with normal mesomeres did not generate aggregates with the invagination of archenteron. Thus, there is no evidence to suggest that HpEts is involved in the organizing function of the large micromeres; it is more likely that HpEts plays a role in the differentiation into PMCs, per se. However, we must await future studies to conclude this. SM50 seems to be the direct target of HpEts, and the ets binding site at the −272 bp position of the SM50 gene may function as a positive cis-regulatory element. Obviously, however, another factor(s) must exist to explain suppression of its activity during cleavage stages. At present four molecules, SM50 (Katoh-Fukui et al., 1992) , msp130 (Anstrom et al., 1987) , PM27 (Harkey et al., 1995) and SM30 (George et al., 1991; Akasaka et al., 1994) , are available as molecular markers of PMCs. Preliminary results show no induction of msp130 or SM30 detectable by HpEts overexpression (data not shown). The dominant negative DHpEts specifically suppressed the development of spicule, but the HpEts overexpression per se did not induce the spicule formation (data not shown). This may be accounted for by the observation that a signal(s) from non-PMCs is required for the formation of the spicule in PMCs (Okazaki, 1975; Guss and Ettensohn, 1997) . Indeed, chimeras composed of mesomeres from normal embryo and a mesomere isolated from the embryo injected with HpEts mRNA generated spicules from the HpEts injected mesomere descendants (Fig. 10) . Normally the mesomeres isolated from the 16-cell stage embryo form a thin epithelium, and a stomodeum but no spicule (Horstadius, 1973; Henry et al., 1989) .
The DHpEts overexpression induced the ectopic expres- sion of SM50 in secondary mesenchyme-like cells. The secondary mesenchyme cells (SMCs) are fated to form pigment cells, muscle cells, blastocoelar cells or coelomic pouch cells. However, certain SMCs are also known to have the ability to express a skeletogenic phenotype, and signals transmitted by the PMCs suppress this in normal development (Ettensohn, 1992; Ettensohn and Ruffins, 1993) . When PMCs are removed from the embryo SMCs are converted into skeletogenic mesenchyme cells (Ettensohn and McClay, 1988) . Thus the ectopic expression may be secondary to inhibition of PMC differentiation by DHpEts. Xenopus ets-1 and ets-2 are maternally expressed in the animal pole and intermediate zone. They are zygotically expressed in neural crest cells and their derivatives (Meyer et al., 1997) . Xl-fli, another member of the etsrelated gene of Xenopus, is also expressed in neural crest cells (Meyer et al., 1995) , and its overexpression enhanced the transcription of genes belonging to the integrin and cadherin families (Meyer et al., 1997) . Given these findings, these authors postulated that members of the ets-family play roles in the transcriptional control of genes involved in cellular adhesion and/or migratory cell guidance during Xenopus embryogenesis. A similar observation suggesting the correlation between the ets-1/ets-2 expression and the circumferential migration of the neural crest cells was reported in the mouse (Maroulakou et al., 1994) . HpEts overexpression in sea urchin embryos resulted in a dramatic increase in the number of migrating cells obviously. It would be useful to examine whether HpEts regulates genes involved in cellular adhesion and migration of cells in sea urchin PMCs.
Thus many questions remain to be solved. Future studies on these points, however, should bring us a valuable insight into one of the central issues in sea urchin embryogenesis: the molecular mechanism of micromere specification.
Experimental procedures
Embryo culture
Gametes of the sea urchin (H. pulcherrimus) were obtained by coelomic injection of 0.55 M KCl, and fertilized eggs were cultured in the artificial sea water Jamarin U (Jamarin Lab, Japan) at 16°C with constant aeration and stirring.
Cloning of cDNA for the HpEts
We have performed differential screening of cDNA library of H. pulcherrimus oocytes using cDNA probes that were reverse transcribed from polyA + RNA of 16-cell or gastrula stage embryos (Kurokawa et al., 1997) . Sixty-eight clones were positive to the 16 cell probe and were negative for the gastrula probe. One of them, termed as #19, encoded a portion of the ets-related protein. Since the open reading frame (ORF) of clone #19 was not complete, the same oocyte cDNA library (approximately 5 × 10 4 ) was rescreened with the clone #19 as a probe. The nucleotide sequence of the longest positive clone was determined; the sequence is submitted to DDBJ (Access No. AB008365). The deduced amino acid sequences is almost identical (93.6%) to Strongylocentrotus purpuratus ETS homologue (EMBL Access No. L19541).
Northern blot hybridization
The RNA was extracted from H. pulcherrimus embryos at various developmental stages as described by Chomczynski and Sacchi (1987) . The total RNA (5 mg) was electrophoresed on each lane of a denaturing formaldehyde-1% agarose gel, transferred to a Nytran membrane (Schleicher and Schuell, Germany) , and hybridized to the antisense RNA of HpEts labeled with Digoxigenin (DIG)-11-UTP (Boehringer Mannheim, Germany) using T3-Megascript kit (Ambion, USA) as described in the instruction manual. An antibody against digoxygenin which had been conjugated to alkaline phosphatase was used to probe the membrane (Boehringer Mannheim, Germany). The chemiluminescent signal produced by enzymatic dephosphorylation of CSPD (TROPIX) by alkaline phosphatase was detected by X-ray film (Fuji, Japan).
Whole mount in situ hybridization
Whole mount in situ hybridization was performed basically according to the procedure of Harkey et al. (1992) as modified by . DIG-labeled antisense RNA probe was prepared with an Ambion's Megascript kit using DIG-11-UTP. Riboprobes were alkaline hydrolyzed to sizes of about 150-400 nucleotides as described by Cox et al. (1984) . Embryos fixed in glutaraldehyde were incubated for 5 minutes with 5 mg/ml Proteinase K in PBST (Phosphate-buffered saline containing 0.1% Tween 20). After post-fixation in 4% paraformaldehyde in PBST and pre-hybridization at 48°C for 2 h, embryos were mixed with the riboprobes (100 ng/ml) in hybridization buffer (50% formamide, 10% PEG#6000, 0.6 M NaCl, 5 mM EDTA, 20 mM Tris-HCl at pH 7.5, 500 mg/ml yeast tRNA, 2× Denhardt's solution and 0.1% Tween 20). Hybridization was carried out at 48°C for 16 h. To remove the unbound probe, washes with PBST (two times each 15 min, once at room temperature and once at 48°C) and washes with 1× SSC-0.1% Tween 20 (two times each 30 min at 60°C) were carried out, thereafter embryos were treated with 50 mg/ml RNAse A in 1× SSC-0.1% Tween 20 for 30 min at 37°C. Finally, embryos were washed with 0.5× SSC-0.1% Tween 20 (twice each 30 min at 60°C). After blocking with 5% sheep serum in PBST, probe signals were visualized using alkaline phosphatase-conjugated anti-digoxigenin Fab fragments and NBT/BCIP (Boehringer Mannheim, Germany) according to supplier's instructions. The embryos were dehydrated in a graded series of ethanol solution and cleared by placing them in terpineol.
Indirect immunostaining
Embryos were fixed with cold methanol. HpSM50 monoclonal antibody was raised by using HpSM50 isolated from adult skeletal tissues as an antigen (manuscript in preparation). The primary antibodies were followed by goat anti-mouse horseradish peroxidase-conjugated secondary antibodies (IgG, Cappel) and were stained with TrueBlueTM (Kirkegaard and Perry Laboratories) as the chromogen. The HpSM50 monoclonal antibodies were used at 1:1000, dilution. Embryos were blocked in 40 mg/ml goat serum and 0.1% Triton X-100 in TBS (TrisBuffered saline), and the antibodies were diluted in the same buffer.
RNA preparation and injection into sea urchin eggs
Plasmids used for RNA synthesis, in vitro, were linearized with BamHI. The following plasmids were used: HpEts composed of endogenous 5′ untranslated region and a fragment encoding HpEts; HpEts-FLAG composed of 5′ globin leader sequence and fragments encoding FLAG epitope and HpEts; truncated HpEts-FLAG (DHpEts) which consists of a fragment of ets cDNA (420-555 aa) containing the ets DNA binding domain but lacking the N terminal (1-419 aa) region; a frame shifted HpEts-FLAG (at 20 aa); and a DHpEts frame shifted at 420. The expression of the constructs in the embryos were confirmed by detection of FLAG epitope with anti FLAG antibodies (EASTMAN KODAK). There was no difference between HpEts and HpEts-FLAG with respect to their effect on embryo development. 5′-Capped mRNA was synthesized by using the T7-MEGASCRIPT kit (Ambion, USA) and Cap Analog (m 7 G(5′) ppp(5′)G, Ambion) as described in the instruction manual. The RNA was precipitated twice with isopropanol to remove the unincorporated cap analogue and free nucleotide, and the RNA pellet was resuspended in diethylpyrocarbonate (DEPC)-treated H 2 O. Microinjection of sea urchin eggs was done as described by Gan et al. (1990) . The RNA was mixed with glycerol to a final concentration of 4 mg/ml in 20% glycerol. About 2 pl of the solution was injected into the egg cytoplasm. The structure of the mRNAs used in this work are illustrated in Fig. 4 .
Construction of mesomere chimeras
Eggs were fertilized in sea water containing 5 mM paraamino-benzoic-acid (PABA). After injection with HpEts mRNA, the fertilization membranes were removed by pipetting and the embryos were cultured in the artificial sea water Jamarin U (Jamarin Lab, Japan) at 16°C. Embryos were placed in calcium-free sea water at 16-cell stage and were dissected with glass needle to isolate the mesomeres. The mesomeres from uninjected embryos were combined with a mesomere isolated from a 16-cell stage embryo injected with 8 pg of HpEts mRNA and with 10 pg of Texas red dextran (Sigma, USA) as a tracer. The chimeras were cultured in the artificial sea water on agarose-coated plates in the artificial sea water.
RT-PCR analysis
Total RNA was isolated from 50 control and 50 mRNAinjected embryos at 24 h after fertilization using ISOGEN (Wako, Japan). The extracted RNAs were suspended in 20 ml of DEPC-treated H 2 O and then were used to synthesize cDNA using RNA PCR kit (AMV) (TAKARA, Japan). One forth of the RT reaction was then used for PCR containing 0.2 mM concentrations of appropriate primers. The reaction mixture was pre-heated at 94°C for 2 min. The PCR amplification conditions were 94°C for 30 s, 58°C for 30 s and 72°C for 90 s. All reactions were performed in the linear range of amplification. The products were resolved on 1.5% agarose gels and then transferred to a Nytran membrane (Schleicher and Schuell, Germany). To visualize the PCR products, hybridization with appropriate digoxigeninlabelled RNA probes was followed by commercial Fab fragments of antibody to digoxigenin conjugated to alkaline phosphatase (Boehringer Mannheim, Germany). The chemiluminescent signal produced by enzymatic dephosphorylation of CSPD by alkaline phosphatase was detected by Xray film (Fuji, Japan).
Luciferase assays
Introduction of the DNA constructs and the luciferase assays were carried out according to the method described by Akasaka et al. (1995) with slight modification. To normalize the luciferase activity, pRL-CMV (Promega) was cointroduced as a reference construct and the expression of the constructs were determined by Dual-LuciferaseTM Reporter System (Promega) as described in the instruction manual. The firefly luciferase activity driven by activation of SM50 promoter was normalized based on the activity of Renilla luciferase. For the transactivation experiment, an average of 5 copies of wild type or mutated SM50-luc and 10 copies of pRL-CMV were introduced into each fertilized eggs and 10 5 embryos were used for an experimental samples. The expression constructs used in this work are illustrated diagrammatically in Fig. 10A. 
.Counting cells
The embryos were fixed with 4% paraformaldehyde in sea water, stained with Hoechst 33342, and the number of nuclei in individual embryos were counted under the fluorescent microscope.
